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 ABSTRACT 
ROCK STRENGTH: A MAIN CONTROL OF YOSEMITE’S TOPOGRAPHY? 
by Alex Jon Hutcherson 
Although contrasts in rock strength correlate to variations in topography, the role of 
rock strength in shaping the landscape of Yosemite National Park is uncertain. Magmatic 
processes may create variations in mineralogy within a single plutonic unit, while 
tectonic processes may result in contrasts in joint density and foliation, all of which may 
lead to variations in rock strength. For this study, the relationship between differences in 
mineralogy, joint density, and foliation in Yosemite National Park is analyzed to 
determine the role of rock strength in shaping Yosemite’s topography. Modal mineral 
abundance and grain size are determined by analyzing cut rock samples, while joint 
density and foliation intensity are recorded at 83 sites. Also, a Schmidt hammer is used to 
compare rock strength readings to elevation at all 83 sites. This study finds that variations 
in joint density shape many topographic features, including Mount Hoffman, a 
topographic high point in Yosemite. High potassium feldspar and low plagioclase 
abundance may also be a factor in Mount Hoffman’s erosion resistance. No significant 
relationship between foliation and other factors is observed. Schmidt hammer readings 
typically increase with elevation, which is likely a result of weathering differences. 
Decreasing joint density across Yosemite National Park is found to be associated with 
decreased forestation. Overall, while few correlations are observed across the entire 
landscape, rock strength shapes the landscape of Yosemite at varying scales.
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INTRODUCTION 
Geomorphic processes are considered responsible for creating large variations in 
topography, but the role of the spatial variability in rock strength and rock strength’s 
effect on topography may be underappreciated. Even within areas where one rock type 
dominates the landscape, subtle variations in mineralogy may lead to differences in 
landscape morphology (e.g., Flageollet, 1977 in Migón, 2006). These variations in rock 
strength (Zhang et al., 2013) and erodibility (Kühni and Pfiffner, 2001) may influence 
topography through differential erosion. 
For granitic rocks, the relationship between mineral composition and topography has 
been explored in previous studies (Godard, 2001; Migón, 2006; Migón and Vieira, 2014). 
Godard (1965) sought to determine a relationship between elevation and erosion-resistant 
minerals, such as quartz, but found that there was a poor correlation between them 
(Godard 1965 in Godard et al., 2001). In contrast, Flageollet (1977) found that higher 
elevations were correlated with lower amounts of plagioclase and biotite (Flageollet, 
1977 in Migón, 2006). Variations within a single granitic unit can also lead to contrasts in 
topography, such as in the Conway granite in the Appalachians, where differences in the 
amounts of biotite and plagioclase are associated with uplands and basins (Migón, 2006). 
In Portugal, Migón and Vieira (2014) determined that granites at higher elevations were 
generally fine to medium-grained while granites at lower elevations were medium to 
coarse-grained. In situ measurements of rock strength were also collected using a 
Schmidt hammer and rebound values were obtained. A general pattern was observed 
where fine-grained granites had higher rebound values than coarser grained granites, 
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indicating that they were stronger, although the authors urged caution when interpreting 
results as the readings were taken on surfaces with varying amounts of weathering. 
Johnson (2015) described patterns in Yosemite National Park where fine-grained and 
quartz-rich rocks were found above bedrock channel knickpoints and coarse-grained and 
quartz-poor rocks were found below. These observations are supported by Tuğrul and 
Zarif (1999) who demonstrated in laboratory studies that high quartz content and fine 
grain sizes are associated with greater strength in granitic rocks, while larger grain sizes 
and high feldspar content are associated with weaker rocks. Rocks with more feldspars 
are likely weaker due to their cleavage and microfissures (Onodera and Asoka Kumara, 
1980 in Tuğrul and Zarif, 1999), and rocks with more quartz have greater strength as 
quartz is interstitial other minerals (Tuğrul and Zarif, 1999). Similarly, rocks with finer 
grain sizes may be stronger as their tighter fabric makes them less susceptible to granular 
disintegration due to weathering processes (Migón, 2006), which may reduce in situ rock 
strength. Tuğrul and Zarif (1999) determined that mineralogical composition is one of the 
main properties controlling rock strength. 
Eggler et al. (1969) described how the weathering of minerals also controls 
topography. In the Laramie Range of Wyoming, the Trail Creek granite supports 
topography covered by grus and comprised of gently rolling hills, in what is known as the 
Sherman surface (Eggler et al., 1969). The Trail Creek granite is one facies of the 
Sherman granite, which comprises the Sherman surface, and a second member, the Cap 
Rock quartz monzonite, supports parkland-tor topography, where open, grassy lands 
feature scattered clusters of tors. Eggler et al. (1969) determined that weathering rates, 
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especially of biotite, controlled the two different topographies. The Trail Creek granite 
rapidly weathers to grus, which is then transported away, leaving a relatively flat 
landscape with rolling topography. In contrast, the Cap Rock quartz monzonite weathers 
far slower and more selectively along fractures, which creates the different topography. 
Eggler et al. (1969) suggested that oxidation under high temperatures in the Precambrian 
when the Trail Creek granite crystallized likely led to alteration of biotites, which 
allowed for more accelerated subsequent weathering. Selective weathering of biotite and 
plagioclase has also been observed in other environments, such as in France’s Massif 
Central (Flageollet, 1977 in Godard 2001). Differences in weathering rates between 
exposed and buried rocks may also be responsible for creating some of the topography of 
the Sierra Nevada Mountains. Buried granites turn into grus as biotite and feldspars 
weather, while exposed granites remain relatively unaltered (Wahrhaftig, 1965). 
The varying grain sizes and mineral abundances in granitic rocks are the result of 
complex magmatic processes. Plutons are likely formed by many magmatic increments 
over millions of years rather than being formed in one large event (e.g., Pitcher and 
Berger, 1972; Glazner et al., 2004). These increments may vary in mineralogy and grain 
size, resulting in overall rock strength at different elevations within the same plutonic 
unit.  
Other factors may also control topography. In glacial erosion, joint density controls 
whether plucking or abrasion is dominant, and as plucking is more efficient at erosion, 
joints can influence erosion rates. Also, streams often follow fractures (Scott and Wohl, 
2018). Other possible influences of topography, as tested by Stutenbecker et al. (2016) in 
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the Rhône Basin in Central Europe, are uplift, glacial inheritance, and variations in 
precipitation. Although uplift and glaciation have an important role, variations in bedrock 
erodibility were determined to be the best explanation for the topography of that 
landscape. 
The goal of this study is to expand our knowledge of rock strength and its effect on 
topography by collecting and analyzing rock samples from areas at different elevations in 
Yosemite National Park (Figure 1), along with obtaining Schmidt hammer, foliation, and 
joint data. The data were supplemented by data collected by former students affiliated 
with San Jose State University. For my study, I tested the hypothesis that stronger rocks 
support higher elevation terrain and weaker bedrock underlies topographic lows.  
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Figure 1. The study area, including areas sampled by supplemental theses. “1” shows the 
location of Mount Hoffman, “2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced 
River, “5” Highway 120, and “6” El Capitan/ The Rockslides. “A” through “D” show the 
locations of topographic profiles presented later. The DEM data are available from the 
National Elevation Database (U.S. Geological Survey, 2014).  
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METHODS 
Field Site 
 The Sierra Nevada mountain range (California, U.S.A.) extends from north to south 
for over 600 km, is 80 to 130 km wide and reaches elevations of more than 3,900 m near 
Yosemite. As the Sierra Nevada Range is dominated by plutonic igneous rocks (e.g. 
Bateman, 1992), Yosemite, which is characterized by mainly granitic (granite and 
granodiorite) lithology and high relief, is an ideal field site to test the correlation between 
rock strength and elevation among plutonic rocks.  
The rocks at Yosemite are part of the Sierra Nevada Batholith, a group of plutonic 
rocks that extends throughout eastern California and western Nevada (Bateman and 
Wahrhaftig, 1966). Although it may have taken as much as 130 Ma to form the batholith 
(Huber et al., 1989), the majority of it formed in three distinct and separate events, with 
the third and final event occurring when most of the granitic units in the study area were 
intruded (Huber et al., 1989). Groundmass grain sizes in the central Sierras vary between 
1-5 mm with potassium feldspar phenocrysts reaching several centimeters in length 
(Bateman and Wahrhaftig, 1966). 
Yosemite features a variety of lithologic units (Figure 2). The granodiorite and 
granite units are the focus of this study, with the youngest dated unit, the Half Dome 
Granodiorite, having formed at approximately 86-88 Ma, and the oldest unit, the 
Granodiorite of Arch Rock and similar rocks, at 116 Ma (Huber et al., 1989).  The 
majority of these units are grouped into intrusive suites by Huber et al. (1989), in which 
units within individual intrusive suites formed during the same magma-producing events.  
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In Figure 2, the units listed as aplite and pegmatite intrude the Granodiorite of Kuna 
Crest which is part of the Tuolumne Intrusive Suite. The Sentinel Granodiorite and 
Yosemite Creek Granodiorite also formed in the Late Cretaceous but are not listed as part 
of any intrusive suite (Huber et al., 1989).  
Other units, such as granitic rocks, undivided (assumed to be from the Cretaceous), 
diorite and gabbro (Cretaceous and Jurassic), metasedimentary rock, undivided (assumed 
to be from the Jurassic), and the Granodiorite of Arch Rock are not mapped as part of any 
intrusive suite (Huber et al., 1989). The Granodiorite of Mount Hoffman, mapped by 
Kistler (1973) and Bateman et al. (1983), is part of the Yosemite Valley Intrusive Suite 
(e.g., Johnson, 2013). 
Joints in the Sierra Nevada Batholith, including in Yosemite, are abundant and exist 
at scales from microscopic to regional (Migón, 2006), with a variety of spacing and 
lengths. For example, Segall and Pollard (1983) reported distances between joints 
ranging from approximately 20 cm to nearly 25 m, and lengths from 1 m up to 70 m in a 
study area south of Yosemite. Regional joints in the Sierras are often found in 
perpendicular sets and cut across plutons, indicating that they formed after the plutons 
had solidified (Bateman and Wahrhaftig, 1966). Major features such as streams, valley 
axes, gorges, ravines, trenches, and slope breaks are guided by these joints, often called 
master joints (Ericson et al., 2005). Vertical joints control the orientation of major 
features in Yosemite, such as Half Dome, while inclined joints control the topography of 
other minor features (Huber, 1987). Also, coarser-grained and more silica-rich plutonic 
rocks typically feature tighter joint spacing than finer-grained, less silica-rich rock  
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(Huber, 1987). Tabular fracture clusters, or groups of fractures clustered into tabular 
zones, likely control the topography of Tuolumne Meadows, just east of the study area 
(Becker et al., 2014). 
The age of the landscape at Yosemite is subject to debate. After the Sierra Nevada 
Batholith was emplaced, the commonly accepted model for the creation of the Sierras 
involves unroofing of the batholith at approximately 65 Ma, creating a low relief 
landscape (Huber, 1987). According to Huber (1987), by approximately 25 Ma, tilting of 
the landscape had begun, which resulted in uplift and contemporaneous incision that cut 
canyons into the mountain block. However, the methods used to conclude late Cenozoic 
tilting and uplift of the Sierras may be unreliable (Gabet, 2014). In addition, ancient 
meteoric water data, gathered by analyzing hydrogen isotopes in volcanic glass, suggest 
that since the Miocene, the Sierras have been a major topographic feature with elevations 
similar to those seen today (Mulch et al., 2008). 
Between 25 and 5 Ma, volcanoes erupted in the northern Sierras (Huber et al., 1989), 
burying the landscape north of Yosemite with lava flows (Huber, 1987; Huber et al., 
1989). Approximately 2-3 Ma, glaciers and ice fields began to periodically cover the 
Sierras and Yosemite. These glaciers moved down valleys, carving and modifying the 
landscape. Lakes were created in the process, many of which have now been filled in by 
sediment (Huber, 1987). Glaciers likely disappeared from the Sierras by 5,000 years ago, 
although new, smaller glaciers formed by approximately 2,500 years ago, and as many as 
500 glaciers, covering less than 1.3 km2, still existed in the Sierras in 1980 (Huber, 1987).  
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Figure 2. Geologic map of the study area from Figure 1, adapted from Huber et al. 
(1989), Bateman et al. (1983), and Kistler (1973). “1” through “6” represent the same 
locations as in Figure 1. 
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Rock mass failures have affected some parts of Yosemite. Differences in talus pile 
volume between diorite at the Rockslides and granite at El Capitan (“6,” Figures 1, 2) 
demonstrate a connection between rock strength and topography in Yosemite. The diorite 
unit has the lowest silica content and the closest joint spacing of any plutonic rocks in 
Yosemite Valley, and rocks from it are usually finer grained than the granitic units 
(Huber, 1987). While these relatively weak rocks have produced massive talus piles, talus 
piles at the neighboring El Capitan are small due to El Capitan’s resistance to erosion, a 
result of the lack of joints on the cliff. Also, several pinnacles on the north-facing side of 
the valley stand out due to their relatively high silica content (Huber, 1987). These are all 
evidence that joint spacing and silica content may be important. 
Mineral Percentages and Grain Sizes 
A total of 54 rock samples were collected from 83 sites in Yosemite National Park 
and analyzed; the resulting data were combined with mineral and grain size data from 53 
samples collected by former and affiliated students of San Jose State University. Initially, 
approximately half of the 83 rock sampling sites were selected along transects to provide 
rock strength data at the base, sides, and tops of cliffs, while the remaining sites were 
chosen to provide data across the range of elevations in Yosemite.  
After fieldwork was completed, samples were cut into slabs to analyze the modal 
mineralogy and grain size of each rock to determine how mineral properties varied across 
Yosemite. Forty-eight out of 54 samples were cut into slabs and stained so that the 
minerals could be easily identified using methods from Johnson (2015). Potassium 
feldspar grains were stained yellow and plagioclase were stained red. The remaining 
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samples either crumbled when cutting due to weathering or were too small and irregular 
to be cut into slabs. 
Techniques based on Johnson (2015) were used for point counting and grain sizes. 
Stained slabs were scanned using a desktop printer-scanner. When scanning, a 
transparent ruler was placed next to all samples to provide a scale for determining grain 
sizes. The scans were imported into Adobe Illustrator and scaled to fit under a grid for 
point counting. A total of 300-400 combined potassium feldspar, plagioclase, mafic, and 
quartz points were counted per slab, as in Johnson (2015). The percentage of each 
mineral in a sample was determined by dividing the total number of points counted for 
each mineral type by the total number of points counted Mafic minerals such as 
hornblende and biotite were difficult to distinguish in the stained slabs, so any dark 
mineral was simply counted as being mafic and not further differentiated. 
 For grain sizes, the line tool was used to draw 6-13 transects on each sample, and the 
number of grains counted per transect was noted. Before counting, each line segment was 
compared with the scanned ruler to determine its length. The length and number of 
transects used varied depending on the dimensions of each slab, its variation in grain 
sizes, the irregularity of its shape, and the number of cracks (if present). Finally, the total 
length of line segments (transects) counted was divided by the total number of grains 
counted, resulting in an average grain size (mm/grain).  
For the supplemental data sites 83-99, mineral percentages of quartz, plagioclase, and 
potassium feldspar, represented as a sum of the albite and anorthite end-members, were 
sourced from Bliekendaal (2012) and Van der Linde (2012), and sites 100-126 were 
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sourced from Fulmer and Kruijer (2009). The mineral data for sites 83-126 were 
generated by each theses’ authors using Cross, Idings, Pirrson and Washington (CIPW) 
normative mineral calculations on geochemical data (e.g., Cross et al., 1902).  Mineral 
data for sites 126-135 were obtained from Johnson (2015) who used point counts and 
grain size analysis to analyze cut and stained slabs. Grain size data from Johnson (2015), 
expressed as grains/cm, were converted to grain sizes of mm/grain by taking the inverse 
of and converting the grains/cm values. 
Joint Density 
To determine the potential effect of jointing on the strength of the entire rock mass, 
joint density was also estimated at all 83 sites. At each site, a maximum distance of 25 m 
was walked in a straight line from a central starting point and the number of joints 
crossing the walked path were counted. This was done a total of 4 times at each site until 
measurements had been taken north, south, east, and west of the starting point. A 
compass was used to ensure that the bearings from the starting point were consistent for 
each site.  The total distance measured to the north and south was multiplied by the total 
distance measured to the east and west to calculate an area (m2) for each site. Finally, the 
total number of joints counted were summed and then divided by the area to give a joint 
density in units of joints/m2 for each site. Often, for logistical reasons, the number of 
paces walked in each direction was counted and later converted to meters rather than 
laying out a measuring tape. Since many sampling sites were on the edge of steep rock 
faces, the 25 m distance and measured lengths and widths were also approximate values 
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as joints extended to areas that were inaccessible without climbing gear and therefore 
could not be accessed for precise measuring. 
Foliation 
Rocks at all 83 sites were classified as either lightly to non-foliated, moderately 
foliated, or highly foliated to determine if there was any correlation between foliation and 
rock strength. Rocks classified as lightly foliated or non-foliated were given a value of 
“0” for foliation. Rocks in the moderately foliated category had minor yet visible 
foliation (layers or alignment of minerals), and were given a score of “1.” Rocks in the 
highly foliated category were given a value of “2.”  
Schmidt Hammer Data  
Schmidt hammer measurements were collected at all 83 sites. Due to wilderness 
regulations, the use of a power-sander was not permitted so rock surfaces were not 
polished or modified in any way before recording measurements. Ten Schmidt hammer 
measurements were taken and averaged to produce an average rebound value for the site. 
Rather than taking 10 measurements at the exact same point, impacts were separated by 
enough space so that no measurements overlapped. This method is similar to lab testing 
method T1 described by Karaman and Kesimal (2014), except 10 measurements were 
taken at each site instead of 6. Measurements were taken at a variety of angles and the 
angle from horizontal was measured using a Brunton compass. Later, these 
measurements were normalized to account for differences in the measuring angle using 
the scale on the side of the Schmidt hammer. Finally, the 10 readings taken at each site 
were averaged to produce an average Schmidt value for the site. As a result, all Schmidt 
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hammer values represented as the Schmidt hammer rebound value for each site in all 
tables and figures are an average rebound value for the site rather than a single Schmidt 
rebound value.  
Data Analysis 
All data collected for this study were plotted against elevation to determine if there  
was any regional relationship between each category and elevation. Also, several factors 
were plotted against each other, such as plagioclase vs. potassium feldspar.  
Microsoft Excel files containing each site’s UTM coordinates (easting and northing) 
and each site’s measurements, such as mineral percentage, were saved as .txt files. The 
.txt files were loaded into ArcGIS ArcMAP 10.6. Each file was then made into a map 
using the Kriging tool which interpolates values and produces a map based on the 
resulting values. Each factor, such as plagioclase percentage, was selected for the tool, 
where the setting of ordinary was selected for the Kriging method and the default 
semivariogram model was used. An interpolated map was produced as a result, and for 
each map, the location of data points used to create it was overlain on the map. All 
interpolated maps were also overlain on a hillshade of the study area. Six important 
geographic features, listed in Figure 2, were added to each interpolated map to aid map 
comparisons. As with the plots, these interpolated maps were created for all collected 
data. All plots and maps are visible in the results subsections.  
Topographic Profiles  
Plots of several transects were created to determine if there were any patterns  
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between elevation changes and changes in lithological characteristics. Areas with the 
greatest variations in topography and with numerous sample data were chosen to create 
the topographic profiles.  
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RESULTS 
Mineral Percentages and Grain Sizes 
All data collected for this study and gathered from other theses are included in 
Appendix 1. The supplemental data are labeled as sites 83-135, while the first 83 sites are 
locations visited during fieldwork for this thesis. The original stop names, relabeled as 
site numbers for consistency, are also listed in Appendix 1. Also, p-values were 
calculated to statistically test the results of all plots mentioned below in the results 
section.  
Although grain sizes vary by region (Figure 3), no significant correlation was 
observed between grain size and elevation across the entire study area (Figure 4). Plots of 
mineral percentages show that there is no significant relationship between quartz and 
elevation (Figure 5), potassium feldspar and elevation, (Figure 6), or mafic mineral 
content and elevation (Figure 7). Plagioclase increases as elevation increases, however 
(Figure 8). Plots reveal a linear relationship between plagioclase and potassium feldspar 
content (Figure 9). The interpolated maps show that mineral content also varies by 
region, (Figures 10-12), approximately corresponding to the location of different plutonic 
units as expressed in Figure 2. An exception is mafic mineral content, for which there is 
no distinct relationship between location and lithologic unit (Figure 13).  
Mineral percentages also vary by lithologic unit (Table 1). For example, the Mount 
Hoffman Granodiorite (Kh) contains significantly more potassium feldspar than other 
units. Based on all the data, grain size also varies by unit (Table 1).  
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Figure 3. Interpolated map of average grain size.  “1” shows the location of Mount 
Hoffman, “2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced River, “5” 
Highway 120, and “6” El Capitan/ The Rockslides. 
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Figure 4. Plot of average grain size versus elevation. 
 
 
Figure 5. Plot of quartz content versus elevation. 
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Figure 6. Plot of potassium feldspar content versus elevation. 
 
 
Figure 7. Plot of mafic mineral content versus elevation. 
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Figure 8. Plot of plagioclase feldspar content versus elevation. 
 
 
Figure 9. Plot of potassium feldspar content versus plagioclase content. 
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Figure 10. Interpolated map of quartz content. “1” shows the location of Mount Hoffman, 
“2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced River, “5” Highway 120, and 
“6” El Capitan/ The Rockslides. 
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Figure 11. Interpolated map of potassium feldspar content. “1” shows the location of 
Mount Hoffman, “2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced River, “5” 
Highway 120, and “6” El Capitan/ The Rockslides. 
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Figure 12. Interpolated map of plagioclase content. “1” shows the location of Mount 
Hoffman, “2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced River, “5” 
Highway 120, and “6” El Capitan/ The Rockslides. 
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Figure 13. Interpolated map of mafic mineral content. “1” shows the location of Mount 
Hoffman, “2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced River, “5” 
Highway 120, and “6” El Capitan/ The Rockslides. 
 
TABLE 1. MOST COMMONLY SAMPLED UNITS COMPARED, RANKED BY 
ELEVATION 
 
Unit Elev (m) Schmidt Foliation Joint Density %Kspar %Plag %Mafic %Quartz Mm/grain
Kh 3144 41.2 0.5 0.1 27.3 41.6 11.8 19.4 1.51
Kyc 2492 44.4 1.0 0.8 16.4 49.7 10.0 22.0 4.88
Kkc 2430 44.9 1.2 0.6 13.8 49.3 22.0 20.2 0.98
Ks 2337 41.1 0.6 0.5 16.4 50.1 12.3 22.1 1.10
Khd 2143 42.6 0.6 0.3 23.8 44.1 10.7 19.8 1.36
Ka 1913 41.2 1.0 0.6 13.8 53.7 13.8 18.8 1.59
Kec 1756 37.9 0.9 0.3 19.7 40.8 12.0 23.6 1.12
Note: Kspar=potassium feldspar, Plag=plagioclase
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Joint Density 
Although no significant relationship exists between joint density and elevation (Table 
1; Figure 14), joint density varies by region (Figure 15). The most jointed rocks are found 
in a region near the center of the field area in the Yosemite Creek granodiorite (Figure 
15), corresponding to the location of Yosemite Creek (“3,” Figure 15) and the large 
master joint it follows (“4,” Figure 15). This links regional master joints to areas of high 
joint density at the outcrop scale. 
 
Figure 14. Plot of joint density versus elevation. 
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Figure 15. Interpolated map of joint density. “1” shows the location of Mount Hoffman, 
“2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced River, “5” Highway 120, and 
“6” El Capitan/ The Rockslides. The rectangles surrounding “3” and “4” outline locations 
of master joints. 
 
Foliation 
Foliation varies by region (Figure 16), but no significant relationship exists between 
foliation and elevation (Figure 17). Some of the most highly-foliated rocks are observed 
in a metamorphic pendant at the base of Mount Hoffman (next to “1” in Figure 2), 
although data was only recorded at 1 site (site 53) in this location. Other highly foliated 
rocks are located in the Granodiorite of Kuna Crest and the region including Yosemite 
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Creek (“3,” Figure 16) and Mount Hoffman (“1,” Figure 16). However, as foliation was 
only visually analyzed using a simple ranking system, all foliation results should be 
interpreted with caution.   
 
Figure 16. Interpolated map of foliation. A higher number means that rocks at the site are 
more foliated than those at sites with lower value. “1” shows the location of Mount 
Hoffman, “2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced River, “5” 
Highway 120, and “6” El Capitan/ The Rockslides. 
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Figure 17. Plot of foliation versus elevation. Foliation data were binned into groups for 
every 200 meters of elevation, then the average of each group was plotted. 
 
Schmidt Hammer Data   
 
The highest elevations of the study area are found in the northeast and the majority of 
the sites with the highest 20 Schmidt rebound values are also mostly located in the 
northeast. Also, the areas of the lowest elevations on average are found in the southwest 
of the study area and the majority of the sites with the lowest 20 rebound values are 
located in the southwest half of the area (Figure 18). Plots and maps of all Schmidt 
hammer data display a poor correlation with elevation (Table 1; Figures 19-21), although 
binning Schmidt measurements into groups for every 200 m of elevation shows that 
rebounds increase with elevation (Figure 21). A single exception to the observations 
above occurred on Mount Hoffman, which featured some of the lowest 20 rebound values 
despite featuring the highest elevations in the study area, although the Granodiorite of 
y = -5E-05x + 0.7157
R² = 0.03
-0.5
0
0.5
1
1.5
2
1000 1500 2000 2500 3000 3500
Fo
lia
ti
o
n
Elevation (m)
29 
 
Mount Hoffman (Kh) has average rebound values (Table 1). Average rebound values for 
all units are similar, except for the El Capitan Granite (Kec), which features slightly 
lower rebound values than all other units (Table 1, Figures 18-21). 
 
Figure 18. Plot of highest 20 Schmidt values (black and yellow circles) and lowest 20 
Schmidt values (blue squares), demonstrating that the highest and lowest rebounds are 
typically found at the highest and lowest elevations, respectively. 
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Figure 19. Plot of Schmidt rebound values versus elevation. 
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Figure 20. Interpolated map of Schmidt hammer rebound values. “1” shows the location 
of Mount Hoffman, “2” Yosemite Valley, “3” Yosemite Creek, “4” the Merced River, 
“5” Highway 120, and “6” El Capitan/ The Rockslides. 
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Figure 21. Plot of Schmidt rebound values versus elevation, where Schmidt data were 
binned into groups for every 200 m of elevation. Since only 3 measurements were taken 
above 3000 m, no binned group was included above that elevation. 
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Figure 22. Plot of Schmidt rebound values versus quartz. 
 
 
Figure 23. Plot of Schmidt rebound values versus potassium feldspar. 
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Figure 24. Plot of Schmidt rebound values versus mafic mineral content. 
 
 
Figure 25. Plot of Schmidt rebound values versus plagioclase. 
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Figure 26. Plot of Schmidt hammer rebound values versus average grain size.  
 
 
Figure 27. Plot of Schmidt hammer rebound values versus joint density. 
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Figure 28. Plot of binned Schmidt hammer results versus foliation. 
 
Topographic Profiles  
 
Overall, no significant regional trend was observed for any data from all topographic 
profiles (Figures 29-32). Based on the hypothesis presented in this study’s introduction, 
mineral composition, Schmidt rebound values, and other factors would be expected to 
consistently increase or decrease with elevation, but the topographic profiles below 
indicate that this is typically not the case. Two exceptions occur that indicate a possible 
local-scale correlation between variations in lithology and topography. In Profile 1 
(Figure 29B), Schmidt rebounds mostly increase with elevation, and in Profile 2 (Figure 
30I), grain size typically decreases with elevation. Therefore, although no relationships 
exist across the entire study area or between profiles, rock strength may play a role in 
shaping topography at local scales. 
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(H)  
Figure 29. Profile 1. The area in the figure is outlined by box “A” in Figure 1. Part (A) 
shows the location of profile 1, while (B) through (C) document how different factors 
change between site 75 in the west and site 24 at the eastern end of the profile. (D) 
through (H) only involves sites where no rock samples were taken. The profile goes  
through the Granodiorite of Arch Rock, diorite and gabbro, and El Capitan Granite units. 
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(I)  
Figure 30. Profile 2. The area in (A) is outlined by box “B” in Figure 1. Sites 32, 31, 27, 
25 were used for the topographic profile. The profile starts at site 32 at the middle of the 
cliff face and ends at site 25. The profile goes through the El Capitan Granite and 
Sentinel Granodiorite. 
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(G) 
Figure 31. The area in the figure is outlined by box “C” in Figure 1. (A) shows the 
geographic location of the profiles. Profile 3 (B-D) consists of sites 23, 22, 21, and 10, 
and goes through the Granodiorite of Kuna Crest. Profile 4 (E-G) consists of sites 4, 3, 2, 
and 1 and goes through the Half Dome Granodiorite. 
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(H)   
Figure 32. Profile 5. The area in the figure is outlined by box “D” in Figure 1. (A) shows 
the geographic location of the profile. (B-D) start at site 61 while E-H start at site 36 as 
no sample was collected at site 61. Profile 5 goes through the Half Dome Granodiorite. 
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DISCUSSION 
Based on the varied behavior of all properties between regions and lithologic units, 
noticeable changes in elevation would be expected at contacts between units across 
Yosemite, but this is generally not observed. Although there are clear differences in slope 
properties between the granites in El Capitan and the neighboring diorite, no significant 
differences in morphology exist between the mapped granite and granodiorite units in 
Yosemite, as explained in Migón (2006). Rather, Migón (2006) suggests that lithologic 
differences in these units may only be important if landscape development persists over a 
long time, which would allow for uninterrupted selective weathering of the different rock 
units. Similarly, Yosemite Valley’s slopes remain steep after 10,000 years of ice-free 
conditions (Migón, 2006) and it may take an additional tens of thousands of years until 
slope angles are reduced. Migón (2006) also notes that most massive landslides in the 
granitic units have originated above the vertical extent of ice from the last glaciation 
period, further evidence that age of exposure is an important factor in landscape 
development. Therefore, the landscape in Yosemite may not display a significant 
correlation between rock strength and topography at a regional scale simply because the 
rocks in Yosemite have not been exposed long enough for erosive processes to make 
contrasts in strength apparent. 
Several caveats exist to these observations. First, measurements were not uniformly 
distributed across the landscape or taken from every region due to the scale of the study 
area and logistics. Without data for every section of the study area, many relationships 
need to be inferred from interpolated maps, which are subject to appreciable uncertainty. 
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For example, Figure 16 shows that the Mount Hoffman region is the most foliated, 
although foliation intensity varies by lithologic unit (Table 1), which is not shown in the 
interpolated map. As a result, all sources of data must be considered before making a 
connection between variations in lithology and topography. Additionally, foliation data 
are reported in this study, but the data were collected using a subjective, imprecise 
method of foliation intensity ranking. No significant conclusions are drawn between 
foliation and its effect on topography or rock strength as a result, and all foliation data 
should be interpreted with caution. 
Another caveat is that the weakest rocks in the region may have already eroded away, 
leaving only the strongest rocks behind. As previously noted, relatively weak diorite in 
Yosemite Valley has eroded into significant talus piles in 10,000 years while the 
surrounding granodiorite units have maintained steep slopes. At greater time scales, 
extending back further than 10,000 years, weaker rocks possibly were removed by 
erosion, such as by glaciers and rivers. If these rocks had remained intact, the landscape 
in Yosemite might display a stronger correlation between rock strength and topography. 
Additional factors besides those tested in this study may be responsible for the 
Schmidt hammer readings. Although the top 20 Schmidt rebound values are typically 
located at higher elevations than the lowest 20 rebound values, none of the factors tested 
offer a clear explanation for this finding. As shown in Table 2, the top 20 Schmidt 
rebound values were over 34 rebound units higher than the lower 20 values, although 
none of the factors measured for this study, such as mineral percent, vary significantly at 
these sites. Eight of the top 20 rebound values were recorded in the Half Dome 
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Granodiorite (Khd) unit, while 11 of the lowest 20 rebound values were recorded in the 
El Capitan Granite (Kec) unit, suggesting that an additional factor within these units may 
be responsible for the highest and lowest values. 
TABLE 2. PROPERTIES OF LARGEST AND SMALLEST 20 REBOUND VALUES 
COMPARED 
 
 
Occasionally, some of the highest and lowest rebound values were recorded a short 
distance from each other. For example, one of the highest rebound values was recorded at 
one of the sites near the base of Mount Hoffman on a fresh surface of a large boulder that 
detached from the side of Mount Hoffman and rolled less than 60 m from its source 
(Figure 33). In contrast, some of the lowest rebound values were obtained a short distance 
away on highly weathered, in situ rock on the top of Mount Hoffman (Figure 34). 
Measurements at both sites were taken on the same lithologic unit, the Granodiorite of 
Mount Hoffman, further evidence that an additional factor besides lithology is controlling 
the majority of variation in Schmidt rebound values. Weathering influences rebound 
values (e.g., McCarroll, 1991) and appears to be responsible for the variations seen 
above, along with the variations across the entire study area, meaning that the Schmidt 
hammer may not be a reliable tool for measuring rock strength. Further research is 
required to precisely determine whether weathering or an additional factor is controlling 
Schmidt rebound values in Yosemite. 
Although the Schmidt hammer readings may not be a reliable indicator of rock 
strength, several examples confirm that rock strength is important at relatively local 
Top or Lowest Schmidt Elev. (m) Fol. Jnt. Dens. %Kspar %Plag %Mafic %Quartz Mm/grain
Top 20 Schmidt 53.0 2326 0.6 0.3 18.8 49.9 10.8 20.5 1.29
Lowest 20 Schmidt 29.7 2071 0.6 0.3 17.6 48.2 11.1 23.2 1.41
Note: Fol= foliation; Jnt. Dens.= joint density; Kspar= potassium feldspar; Plag.= plagioclase.
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scales. Johnson (2015) described a pattern in Yosemite where quartz-rich, fine-grained 
rocks were observed at higher elevations in stream channels than rocks with lower quartz 
content and larger grain sizes, indicating that rock strength has a role in shaping 
Yosemite’s topography. Despite the contrast to observations made by Migón (2006), the 
observations made by Johnson (2015) are valid and suggest that the effects of rock 
strength are seen at the local scale (~100 m or less) in bedrock channels regardless of 
how long the landscape has been exposed. With flowing water, erosion may be 
significant enough at the local scale for lithologic differences to influence topography. 
This finding is reinforced by Zimmer and Gabet (2018), who concluded that rock strength 
in the Sierras was only of importance at local scales in terms of glacial erosion. The 
distribution of rivers and glaciers are an additional factor to consider as they are unevenly 
spread across the landscape, possibly leading to differences in erosive forces at different 
regions in the landscape. This could possibly allow for areas to erode at different rates, 
even if the mineralogy is similar between them. 
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Figure 33. Fresh surfaces delivered high Schmidt rebound values at the base of Mount 
Hoffman, site 53. 
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Figure 34. Example of weathered and jointed rocks at the top of Mount Hoffman, site 46. 
 
Other examples demonstrate that rock strength has some control over the landscape of 
Yosemite. At areas such as Yosemite Creek (“3” in Figure 15) or the southwest end of 
Yosemite Valley (“4” in Figure 15), large master joints influence topography and guide 
streams. Visible in Figure 15 and from aerial photos, master joints leave an impression on 
topography as creeks and shape features such as hills. These areas of large master joints 
correlate with the areas of highest joint densities at the outcrop scale (e.g. Figure 15), 
demonstrating that master joints affect the landscape at multiple scales. In the Cathedral 
Peak Granodiorite at Tuolumne Meadows, less than 10 km east of the study area, 
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variations in fracture densities control topography as they enable differences in erosion 
rates (Becker et al., 2014). Master joints may shape the topography of the study area in a 
similar way, creating zones of weak material, enabling higher erosion rates than in the 
surrounding non-jointed area. In cases such as Yosemite Creek, rivers flowing in master 
joints increase erosion rates and incise valleys. Becker et al. (2014) hypothesize that 
fractures control erosion in Tuolumne Meadows more than variations in lithology, a 
hypothesis which is reinforced by this study.  
Fractures may also control the distribution of vegetation in Yosemite. Hahm et al.  
(2014) suggest that higher fracture densities may be correlated with higher amounts of 
vegetation, and in Yosemite, the 20 sites with the lowest joint density also plot in 
relatively unforested areas (Figure 35). While Hahm et al. (2014) found that areas with 
increased silica content (associated with more quartz and potassium feldspar) had more 
vegetation, the regions in Yosemite with more forestation had bedrock with less quartz 
and potassium feldspar but increased plagioclase. Therefore, further research is needed 
on the correlation between bedrock geochemistry and vegetation in Yosemite.  
The final and perhaps most important example of the relationship between rock 
strength and topography in Yosemite is Mount Hoffman, which rises steeply above the 
study area. The Granodiorite of Mount Hoffman has distinct mineralogy when compared 
to the other units in the study area, consisting of less plagioclase than almost any other 
unit. The Granodiorite of Mount Hoffman is also distinguished by its potassium feldspar 
phenocrysts (Johnson, 2013), and the unit has more potassium feldspar than any other 
unit (Table 1). The unit is also the least jointed (Table 1) and aerial photographs show 
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that it has fewer master joints than the surrounding area. Large grain sizes, which may 
include phenocrysts, are typically associated with decreased rock strength (e.g., Tuğrul 
and Zarif, 1999), however, so low joint density is likely the explanation for why the unit 
rises steeply. 
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Figure 35. Vegetation cover map of the study area. Red dots represent the 20 sites with 
the lowest joint density. Data available from the U.S. Geological Survey Gap Analysis 
Program (2016). 
 
 
 
64 
 
CONCLUSION 
This study sought to increase our knowledge of rock strength and its effect on 
topography by using multiple techniques to analyze rock strength at a regional scale. 
Within Yosemite, conflicting evidence existed which both refuted and supported rock 
strength as a major control of topography. Schmidt hammer, mineralogical, joint, and 
foliation data were collected for 83 locations, 48 of which provided mineral percent and 
grain size data, then combined with additional mineral percentage and grain size data for 
a total of 135 sites. Although mineralogy varied between lithologic units and no 
corresponding differences in topography were observed at a landscape scale, several 
examples demonstrate that rock strength influences topography at more local scales. 
Previous studies indicate that mineralogy influences knickpoints, and therefore 
topography, at a scale of ~100 m or less, and Mount Hoffman demonstrates a connection 
between mineralogy, joint density, and topography at the kilometer scale. Master joints 
influence topography at the several-kilometer scale, shaping hills and guiding streams. 
Across the landscape, increased joint density is also associated with increased forestation. 
Schmidt hammer readings typically increase with elevation across the landscape, 
although further research is needed to determine if weathering is controlling rebound 
values or if some other factor not measured by this study is controlling the readings. No 
significant correlation was observed between foliation, topography, and any factor 
measured in this study. Overall, these results show a correlation between rock strength 
and topography at varying scales, establishing a lithologic control of the topography of 
Yosemite National Park. 
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APPENDIX 1. ALL DATA. 
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